Project Trackdown is an investigative environmental program aimed at tracking sources of polychlorinated biphenyl (PCB) contamination in Great Lakes tributaries. The program uses a multimedia weight of evidence approach for identifying sources of PCBs to the environment. PCB concentrations in environmental media (sediment, water, suspended sediment and soil), passive samplers and/or exposed biota (mussels, young-of-the-year fish and benthic invertebrates) are used in combination to evaluate bioavailability and identify local anomalies within a tributary. These lines of evidence can be assessed with simple chemometric techniques and fingerprinting of PCB congener profiles, and, combined with anecdotal information such as land use history and tributary alterations, may be used to identify ongoing and locally controllable sources of PCBs to the Great Lakes. The program was successful at developing environmental triggers to differentiate potential source areas from background PCB conditions in urban areas, allowing efforts to focus on identifying active ongoing sources of PCB contamination. Project Trackdown has been carried out in three tributaries to Lake Ontario (Cataraqui River, Etobicoke Creek and Twelve Mile Creek) and two tributaries that flow into the Detroit River (Turkey Creek and Little River). Local ongoing PCB sources have been identified in four projects, leading to abatement or remediation measures. As a collaborative initiative between the Ontario Ministry of the Environment and Environment Canada, Project Trackdown has successfully identified several PCB sources leading to substantial cleanup efforts aimed ultimately at reducing PCB contamination to the Great Lakes.
Introduction
Maintenance and improvement of the environmental health of the Great Lakes represent an ongoing international and multi-jurisdictional challenge to scientists and the policy experts who work with them. Binational Lakewide Management Plans (LaMPs) have served to identify critical pollutants and the most pressing environmental issues that need to be addressed in each of the Great Lakes.
As part of commitments to conduct specific watershed investigations focused on identifying pollutant sources to the Great Lakes, the Ontario Ministry of the Environment (OMOE) and Environment Canada (EC) have been collaborating to identify and address watershed-specific contamination of polychlorinated biphenyls (PCBs) in tributaries representing a significant source to the Great Lakes.
Initiated as a pilot study in 2001 to determine the feasibility of finding locally significant sources of contaminants as ubiquitous as PCB, Project Trackdown's approaches to tracking sources of contamination were developed in three tributaries along the Canadian shoreline of Lake Ontario (Figure 1 ): Cataraqui River (Kingston, ON), Etobicoke Creek (Toronto, ON) and Twelve-Mile Creek (St. Catharines, ON). These tributaries were selected within three OMOE regional districts along Lake Ontario, to encompass a range of land uses in watersheds of varying size, where screening-level data were available from both provincial and federal studies ( Table  1) . Ambient monitoring programs had previously identified these tributaries as potential candidate watersheds with PCB concentrations in young-of-the-year (YOY) forage fish [1] , sediment [2] - [5] and/or PCB concentrations in surface water (via large-volume sampling) [6] that exceeded applicable provincial and federal guidelines. Upon the availability of tributary mouth sediment quality results from Environment Canada [7] , the project was expanded to include two additional tributaries (Turkey Creek and Little River) on the Canadian side of the Detroit River Area of Concern (AOC) (Figure 1) .
The pilot study was conceptualised following the successes of previous source tracking studies in New York State, where a series of investigations and trackdown activities in sewersheds led to the successful abatement and remediation of existing PCB problems [10] . Our approach builds on the bracketing techniques used in the U.S. studies but also develops qualitative triggers for identifying probable sources. We use information herein from each of our study sites compiled over the years to assess the efficacy of the techniques used in Project Trackdown.
The goal of Project Trackdown was to determine whether it is possible to identify ongoing locally controllable sources of PCB contamination within Ontario watersheds. PCBs were chosen as the target pollutant as they are the primary contaminant responsible for fish consumption advisories in the Canadian Great Lakes [11] and Figure 1 . Location of Project Trackdown study sites in the Lake Ontario and Lake Erie basins. [53] 70 ng/g LEL [45] 277 ng/g PEL [44] 100 ng/g [17] Tresholds adopted >10 ng/L 277 ng/g 200 ng/g Cataraqui River, Kingston ON 1 n/a 225 ng/g [2] 420 ng/g [3] 3000 ng/g [4] 40 -540 ng/g wet [4] Etobicoke Creek, Toronto ON Mean 3.7 ng/L (CI: 1.6 -8.8, n = 21) Dry, 19.1 ng/L (C.I.:6.7 -54.7, n = 16) Wet [8] ; Identified as highest PCB load per unit area in Toronto area tributaries [9] 210 ng/g [4] 222 ng/g [1] ND-560 ng/g [4] Mean: 207 ng/g wet (140 -240; n = 3 composites of 5) spottail shiners; mean: 186 ng/g wet (160 -220: n = 5 composites of 5) common shiners collected in 2000 (OMOE, unpublished)
Twelve-Mile Creek, St. Catharines ON Mean 6. 2 ng/L (2.4 -12.3, n = 12) ng/L-event grabs [6] Mean 1.1 ng/L (ND-2.3 ng/L, n = 13) 28 day composite (OMOE unpublished) 950 ng/g [4] 650 ng/g [5] Mean 103 ng/g wet (160 -220, n = 5 composites of 5) (spottail shiners) Mean 430 ng/g wet (620 -800, n = 3 composites of 5)
( (OMOE unpublished, 2002) 1400 ng/g [7] Mean: 92 ng/g wet (120 -240, n = 5 composites of 5) 2001 spottail shiner data near mouth (OMOE unpublished) 1 Decision to pursue track down based on other available data (e.g. consultant reports, area history, environmental litigation etc.); 2 Information not available for public release.
were identified by both the Lake Erie and Lake Ontario Lakewide Management Plans as lakewide critical pollutants.
Project Trackdown identified three specific objectives: 1) to identify locally controllable PCB sources if they exist; 2) to assess the effectiveness of various investigative tools in expediting source identification; and 3) to develop appropriate project designs and methods for future trackdown activities. This paper summarizes and evaluates the approaches used in identifying sources of PCBs to the environment. It also provides qualitative environmental triggers that can be used to differentiate between discrete sources of PCBs to the environment from the "noise" of non-specific PCB contamination typical of urban environments.
Overview of Trackdown Approach
A complete trackdown study comprises four separate stages of activity including (1) project planning, where appropriate tools are selected to maximize the likelihood of identifying source(s) using various lines of evidence, (2) scientific investigations focused on continually narrowing the geographical scope of the investigation by discounting non-source areas from potential source areas, (3) abatement of the source with possible remediation of the contamination by engaging any existing responsible parties towards abatement and/or remediation actions and (4) subsequent monitoring for improvements. The ultimate goal is to mitigate or eliminate ongoing and/or locally controllable sources of PCB contamination. We defined "ongoing" as the release of these contaminants in media (e.g. sediment, soils) such that potential for continued or re-introduced aquatic exposure exists; we define "locally controllable sources" as sources that can be mitigated by complete removal or separation from recontaminating the watershed.
Techniques in Source Identification
Several lines of evidence may be used in tracking contaminant sources. These are used to determine (a) if concentrations exceed background levels and (b) if these contaminants are biologically relevant as determined by uptake in resident biota. Source identification media may include sediment and event-based water sampling, biota collections (fish, invertebrates), deployment and analysis of caged biota (mussels) and integrated passive samplers, and in some cases soil sampling (e.g. creek bank soils). These media offer various advantages from screening-level (broad scale) to higher-resolution (local scale) identification of locally controllable sources. Broad scale assessments that identify tributaries with higher PCB loads for prospective trackdown studies have been conducted in the Great Lakes for sediment [5] [7] , fish [1] and large-volume time-integrated water sampling [6] . Local scale source identifications have included enhanced sampling in these and other media (e.g. soils), as well as deployed biota or passive sampling media, and rain event-based water sampling.
Each technique has advantages and disadvantages; a combination of these allows the investigators to efficiently reduce the area of investigation and to assess contamination. Using several sampling media to substantiate results can provide a strong weight-of-evidence for source identification and the required justification for abatement and remediation activities. Although original guidance for the program recommended a tiered approach to source tracking that used only one or two media at a time [4] , restricting initial sampling to only one or two media in sequence resulted in drawn-out studies that took years to complete. While the tiered approach may allow for a more strategic sampling program (more cost effective), experience in the pilot watersheds showed that using multiple lines of evidence concurrently in the same areas within the same sampling season resulted in more expedient source determination; having the same suite of sampling media at all sites allows for a more expeditious site prioritization and has been our preferred approach since it can narrow the search by eliminating sites as well as flagging anomalies.
1) Sediment sampling Sediment sampling is a relatively easy and low-cost method for trackdown investigations; it works well as a screening tool in initial stages of an investigation. Depositional areas are targeted in selected reaches throughout each watershed, with an aim to reduce the geographical area of interest. Based on sampling methodology developed by the United States Geological Services [12] and adapted by Environment Canada [5] [7] , our technique has been to sample depositional sediments in the smaller tributaries prior to discharge into the main branch of each river. Fine surficial sediments representing recent deposition are targeted to maximize the probability of detecting existing PCB contamination.
Sediment sampling is an effective method to narrow the project scope, but the elucidation of sources may be difficult using sediment information alone [4] . Fine sediments do not always accumulate in locations of interest, and clean sediment can dilute contamination and result in significant variability in the field. In addition, hydrologic characteristics of the system may result in contaminant deposition far downstream from the source [13] [14], or the mobilization of historically contaminated sediment during storm events that do not relate to ongoing sources. Therefore sediment sampling may not always detect a source if one exists; however, concentrations above background in sediment do provide a line of evidence to indicate a potential contaminant source upstream.
Confirmation of elevated PCB concentrations should be sought from at least one other medium. For example, juvenile forage fish, ideally, young-of-year (YOY) are a useful complement to sediment sampling to narrow the scope of investigation among river reaches and to assess potential bioavailability of PCB as evidenced by uptake in fish tissue. Additional information from fish tissue or semi-permeable membrane devices (SPMDs) helps separate priority areas (elevated levels in fish tissue and SPMDs) from those where PCBs detected in sediment are not considered bioavailable (low levels in fish tissue and SPMDs).
In addition to PCBs, organic carbon content and grain size are also assessed as they are important determinants of potential bioavailability and toxic effects of PCBs and other contaminants [15] .
In later site-specific stages of investigation, sediment coring can be used to delineate the extent and depth of contamination, and to assess the potential for remobilization. Assessment of sediment toxicity and biota sediment accumulation factors (BSAFs) may also be important components for justifying abatement and remediation. As per Fletcher et al. [15] , once a site is identified, a weight of evidence approach considering sediment chemistry, sediment toxicity, benthic community, and potential for biomagnification would be evaluated following an Ecological Risk Assessment framework to determine if remediation or other sediment management is required. These stages are implemented beyond the trackdown as part of the work of responsible parties.
2) Deployment and/or sampling of biota (fish, caged mussels and benthic invertebrates) Biological uptake is a critical consideration in source tracking. Ultimately, the need for remediation depends on whether the contamination is bioavailable to resident biota, and potentially to the food chain. Areas in which biological uptake is evident are prioritized over those where contamination does not appear to be evident in organisms [15] .
Biological uptake is assessed by the measurement of concentrations in biological tissues, caught in-situ (e.g., YOY forage fish or sport fish, benthic invertebrates) or deployed biomonitors (caged mussels), or their surrogates (passive samplers).
Assessing tissue PCB concentrations in endemic organisms such as YOY forage fish has proven highly useful in narrowing the geographical scope of investigations and determining the bioavailability of PCBs in the field. YOY forage fish have several attributes that make them well suited to trackdown studies. Their range of movement is relatively limited, so their tissue concentrations reflect localized bioavailability, and they represent a useful integration of spatial and temporal changes in water quality and exposure from consuming prey organisms [1] [16] . In addition, since their exposure is limited to what has occurred within the course of their lifetime (i.e. less than one year), YOY fish tissue concentration data provide an excellent measure of recent exposure and results are not confounded by variable exposure that may occur in older, more mobile fish. From a practical assessment perspective, tissue concentrations in fish can be compared against the International Joint Commission's (IJC) 100 ng/g dry weight (dw) tissue PCB guideline for the protection of wildlife consumers of fish [17] .
Elevated PCB concentrations in sport fish have been used as a line of evidence in selecting priority watersheds for trackdown studies as many of the fish consumption advisories in the Great Lakes are attributed to PCBs [18] . Data on PCB concentrations in resident sport fish can also be useful within risk assessments in addressing area-wide contamination and prioritizing abatement actions that may relate to biomonitoring and meeting human health based fish consumption advisories [19] . However, their size and range make them less suitable for source-tracking purposes.
Caged organisms (usually mussels-Elliptio complanata, 6.5 to 7.2 cm long) are sourced from a relatively uncontaminated lake and typically deployed just above (i.e. not in contact with) stream sediments, and left in-situ for a period of 21 -28 days. Upon retrieval, their tissues are processed and analysed for PCBs. Caged mussels are useful in trackdown studies because their tissue concentrations represent PCB uptake that is limited to a particular site, and is controlled by the duration of exposure. Thus, differences between sites can be quantitatively assessed using this technique (Figure 2) .
Tissue PCB concentrations in caged mussels must be compared against reference conditions since there is no guideline for acceptable accumulation in deployed organisms. The study design must therefore include one or more deployments at an upstream (unimpacted) reference station at the same time.
Caged organisms are not ideal for use in situations where other contaminants (such as heavy metals) or degraded water quality conditions (such as low oxygen levels) may impede their normal biological function and potentially interfere with PCB uptake. Because priority locations for trackdown studies tend to have multiplecontaminants present, we have increasingly shifted to the use of abiotic passive samplers for assessing potential bioavailability.
On a highly localized scale, benthic invertebrates have been used to assess bioavailable PCB contamination as their body burdens reflect uptake to the food web (Figure 3) . However, benthic invertebrate tissue residues are not a reliable initial screening tool because habitat degradation has left the benthic populations considerably impaired at many of the study sites, making it difficult to collect sufficient biomass for laboratory PCB analysis. In addition, species differences between sites may confound comparisons of benthic invertebrate PCB concentrations.
3) Event-based water sampling Contaminants such as PCBs can be difficult to detect in water and require either low-level analyses or large Dioxin-like PCB tissue burdens (ng/g WW) in benthic invertebrates (Annelidae, Crustacea) used in conjunction with other biota (fish: total PCB ng/g ww) and SPMDs (Total PCBs ng/mL triolein) in relation to concentrations in sediment in the Cataraqui River Inner Harbour, Kingston Ontario. Three locations of interest were identified (circled) as potential sources of biologically available PCBs [21] . Subsequent source tracking led to a local hotspot and removal of sediment at station 1 in 2005 through the Emma Martin Park Sediment Remediation project [22] [23] . Only dioxin-like PCBs were analysed in the benthic invertebrate data due to limited biomass availability. volumes of water. Prior to the development of appropriate methods with sub-ng/L detection limits, large volume (19 L), time-integrated samples were collected at the mouths of tributaries to identify watersheds requiring further investigation [6] . However this approach became unsustainable when event-based sampling required several stations to be sampled concurrently within the watersheds. Substantial efforts were needed for cleaning equipment, samples were heavy and difficult to transport in large quantities, and laboratory extraction processes were lengthy for such large volumes. Improved laboratory methods have allowed us to reduce sample volumes to manage event-based water sampling, as detailed below.
PCBs are typically more prevalent during runoff conditions in urban environments as they are hydrophobic compounds often associated with suspended particulate matter [9] . Therefore, we focused on water sampling during rain events to maximize the likelihood of PCB detection. We sampled a minimum of three rain-events to confirm the consistency of PCB contamination. In addition, although detections during baseflow conditions are less substantial, baseflow sampling is an important component that should be included in the trackdown program as it can be diagnostic in some situations where sources are more prevalent during baseflow, and where surface run-off has a diluting effect.
In order to clearly distinguish "rain events" from "baseflow conditions" we arbitrarily defined the former as 10mm of rain within 24 hours, and the latter as an absence of rain within the previous 48 hours. Note that larger catchments may require a longer time for conditions to return to baseflow.
Total suspended solids (TSS) are routinely analysed to assess the relationship of PCBs with suspended particulates. Because PCBs are strongly sorbed to solids, the relationship can be helpful to indicate the source of the contamination. For example, intermittent pulses that are not associated with the sediment burden can indicate a labile, unbound source, whereas PCBs primarily associated with suspended solids might indicate historic sediment or soil contamination.
In a recent trackdown follow-up study [24] , knowledge of hydrographical conditions (timing of rain event, gauged flow levels, stage discharge curves and associated inputs of suspended sediments) proved crucial in differentiating the delivery of PCBs from two potential sources that were tracked down to one outfall of interest located downstream of a former landfill (Figure 4) . Homologue patterns were shown to change with time after a rain event, with lighter (less chlorinated) congeners evident in seepage, and heavier (more chlorinated) congeners associated with runoff and elevated suspended sediments ( Figure 5) .
Event based water sampling is limited in that it only represents a snap-shot of conditions at the time of sampling, may not always capture concentrations indicating a potential source, and may not reflect long term conditions. Low (or non-detect) concentrations cannot be used solely to rule out the existence of a potential source. However, sampling on various occasions allows us to identify with some consistency, a range of conditions that may exist. Used in conjunction with other lines of evidence that provide more integrated evidence of exposure, event-based water sampling is an important and useful diagnostic component of our investigations.
4) Integrative passive sampling techniques
The use of integrative passive samplers such as SPMDs has greatly improved our ability to conduct trackdown investigations. SPMDs consist of thin-walled polyethylene strips containing a synthetic lipid such as triolein [25] . When deployed in an aquatic environment, hydrophobic organic contaminants such as PCBs diffuse into SPMDs and accumulate. SPMDs are deployed at locations selected to maximize the potential for source identification (i.e. downstream of, or within waterways and outfalls). The deployment of SPMDs in water over a specific period of time (usually 28 days) allows for the measurement of hydrophobic organic compounds such as PCBs and helps approximate the biological uptake of these contaminants into lipid layers of organisms such as fish and caged mussels. The use of SPMDs is advantageous over deployed organisms (i.e. caged mussels), because SPMDs are insensitive to environmental factors such as high trace metal content or low oxygen levels that may be adverse to organisms.
SPMDs may, however, be subject to fouling from algal growth or sedimentation, which may influence uptake, or they may become exposed to air in shallow waters. In addition, differences in temperature and water flow between deployment sites may influence the uptake of contaminants. However, a variance of within 10˚C appears to be insignificant to uptake in SPMDs [26] [27] .
While SPMDs can be used to calculate PCB concentrations in water using performance reference compounds [28] , we use the information qualitatively to compare concentrations and congener patterns between sites. We've used SPMDs as an indicator of biological availability, such that the greater the uptake of PCBs in the SPMDs, the more likely PCBs are to be available to organisms at the location tested, or the closer the source of where suspected sources include a former landfill and runoff from potentially contaminated soils [24] . Data points are ordered by delay (number of days) since a rain event. Flow (m 3 /s) was determined using spot discharge measurements during each water sampling event to examine a range of conditions at the location of interest. Precipitation events were recorded from a nearby Environment Canada gauge station. Homologue proportions (pie charts) are juxtaposed on total PCB concentrations (ng/L, right vertical axis) Bottom: suspended solids by sampling event. X axis represents number of days after a significant (>10 mm) rain event. Day 0 represents a sample collection at the onset of a precipitation event. Results allowed investigators to suggest a link between the changes in homologue patterns and the amount of suspended solids in the receptor waterway.
contamination (e.g. Figure 2 ). Consequently, differences in concentrations and congener patterns of PCBs between locations have been extremely useful in identifying sources [29] . Water and/or other media can then be used to provide the trigger-based concentrations required for subsequent compliance-based assessments as detailed later in this document. Although SPMDs reflect dissolved-phase PCBs (i.e., they bias towards lower chlorinated congeners), Project Trackdown's efficacy lies in using various lines of evidence to confirm a suspected source, and we have not found this bias to be problematic.
Although every effort is made to keep SPMDs within the water column, the water depth at some of the sampling locations precluded complete separation from the sediment bed. However, this has sometimes worked to our advantage, as SPMDs have been useful in making the link between congener patterns in sediment and water column contamination (Figure 6) , and in indicating the continued release of bioavailable PCB porewater contamination where other factors (e.g. lack of oxygen) have precluded the collection of fish for analysis [30] . Combined with in-situ sampling of YOY forage fish where available, SPMDs provide a useful line of evidence in delineating contamination and identifying potential for exposure.
5) Soils
Soil sampling has generally been conducted when riverbank erosion has been identified as a potential pathway of contamination to the waterway. In two studies, it was demonstrated that the controllable source of PCB contamination was eroding from river banks in the form of side-cast material from previous sediment dredging projects or contaminated fill material along engineered easements, thereby linking on-land contamination to increased PCBs in the waterways [30] [31].
Options for PCB Analysis and Data Interpretation
For all environmental matrices, laboratory analysis of PCBs can be conducted using Aroclor-based methods or congener-specific methods. Methods that analyse for commercial mixtures of PCBs (Aroclors) provide a practical and economical approach for quantifying PCBs from a compliance perspective. However, Aroclor-based methods limit our ability to interpret mixtures of PCBs in the environment, and may underestimate actual concentrations. Reference standards for Aroclors do not necessarily capture degraded PCBs that contain non-Aroclor congeners [32] , and their use may lead to erroneous quantification of Aroclors that are not necessarily attributed to the source of contamination [33] .
For any medium, detection limits must be suited to differentiate background concentrations from potential sources. Note that background concentrations used within this paper do not represent "natural" PCB concentrations found in the absence of anthropogenic contamination, but rather reflect "typical" concentrations in the urban environment in the absence of known sources of PCBs. Selection of an appropriate detection limit is particularly relevant to water in which most urban background concentrations (<10 ng/L) fall below detection limits using Aroclor-based methods (50 -200 ng/L) ( Table 2) . Because PCBs are hydrophobic, they partition primarily in sediment and biota and low concentrations are typically found in the surface water. Because PCBs bioaccumulate within the tissues of organisms and biomagnifyin the food chain, being able to differentiate between background and potential anomalies in water is environmentally relevant for trackdown studies.
In 2004, the OMOE developed a congener-specific PCB analysis method for water that provides low detection limits (<1 ng/L for a 1 -2 L sample) using high resolution mass spectrometry [34] . The method includes up to 82 congeners most commonly found in water, biota and sediment [32] , including the European list of 7 [35] , and those with potential toxic effects (i.e. dioxin-like PCBs), as well as congeners found in Aroclor mixtures at greater than 0.5% [36] . Although the method analyzes 82 of 209 congeners, the contribution of the remaining 117 possible congeners is between 5% and 10%, however, in practice most of these congeners are not detected and the bias is negligible [37] . Water samples collected for Project Trackdown were largely analysed using this method.
In the simplest of assessments, areas of consistently high concentrations in several media are used to point to a source. This form of assessment using concentrations and relative differences between sites results in the quickest sourcing of contamination. However, as is the case in many urban areas, multiple sources may contribute to contamination.
In a second tier of assessment, homologues or congener patterns can be compared for similarities in "fingerprints" between sites, and hence congener-specific methods have become preferred for trackdown projects. Biota were not viable for this study. Elevated PCB concentrations at Stn 2 and downstream pattern similarities prompted orders against a company to delineate contamination. PCB contamination was attributed to the use of recycled carbonless copy paper in stock material at an adjacent site. Table 2 . PCB concentrations in water found at various trackdown locations with background conditions. Data represent samples taken from 2004-2010 using OMOE's congener specific PCB method (Detection limit < 1 ng/L) [34] . Sites labeled as "reference" were selected a-priori. "Non-source" sites refer to locations initially selected for source trackdown that were discounted from further tracking due to lack of evidence of an existing source. Congener-specific methods can differentiate between sources despite the influence of degradation and weathering of the original PCB mixtures. A comparison of congener profiles between sites can also provide an indication of whether the PCBs originate from a common source. Using congener-specific analysis allows flexibility in interpreting data both from an empirical perspective, and for statistical and visual "fingerprinting" [32] . The fingerprinting concept works best when comparing patterns among locations in the same medium because it avoids the issue of biotransformation and differential partitioning from water into sediment. In some cases, congeners analysed in common between media can be compared with relative ease (e.g., sediment, water, biota or SPMDs) to determine whether generally similar patterns of contamination occur (Figure 6 ), recognizing that patterns will change based on specific partitioning of PCB congeners, and potential biotransformation in biota [38] - [40] .
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Statistical mining or data reduction techniques such as principal component analysis (PCA) have proven useful in distinguishing differences in PCB patterns between sites that may not be seen in graphical comparisons of congener patterns [41] [42] . PCA has proven useful in uncovering a secondary source otherwise overwhelmed by a larger, more proximate source, and in identifying spatial patterns that may be obscured by temporal variability (Figure 7) .
Despite these strengths, PCA and other data mining techniques may not always suffice for complex mixtures of degraded congeners. In these cases, other source apportionment techniques (e.g. PCA with non-negative constraints, receptor modeling, positive matrix factorization) may be warranted [41] [43] . Each matrix should be analysed separately, as patterns between media are not readily comparable with PCA.
Decision-Making Using Weight-of-Evidence Approach
In the initial phases of the trackdown project, it can be challenging to interpret the various lines of evidence, especially when more than one source is suspected. Identifying and ranking sources is critical for prioritizing those that need to be addressed through abatement activities. Furthermore, due to the ubiquity of PCBs in urban environments, abatement activities necessarily need to focus on achieving the most value and overall benefit to the environment. In prioritizing efforts in a budget constrained climate, the following questions need to be addressed: What constitutes a relevant trigger concentration for each medium? Does contamination matter if it's not a biological "problem"? How do you prioritize what is considered to be a problem?
What Constitutes a Relevant Trigger Concentration?
1) Sediment PCBs occur almost ubiquitously in fine, depositional stream sediments, particularly in urban environments where past industrial uses are likely [5] [7] . As part of Project Trackdown, we assessed concentrations relative to various Canadian sediment quality benchmarks, including the federal Canadian Council of Ministers of the Environment (CCME) sediment quality guidelines [44] and Ontario's Provincial Sediment Quality Guidelines (PSQG) [45] . For urban area trackdown studies, our findings from initial sediment screenings within the trackdown watersheds (Figure 8; Table 3 ) suggested that the CCME Probable effect level (PEL) of 277 ng/g is a reasonable trigger concentration above which further source tracking is warranted ([4] [44] ); this concentration range is consistent with findings in other watersheds [46] . The PSQG lowest effect level (LEL) (70 ng/g) was not generally a useful threshold since it appeared to indicate general urban contamination that would be difficult to attribute to a particular source. The PEL trigger level needs to be taken in context with other lines of evidence noted in this paper, and within the context of the study area's overall level of contamination. Highly industrialized areas may require the selection of relevant reference conditions.
2) Water Sampling for water is an integral component in trackdown assessments. However, determining trigger concentrations of PCBs in water samples initially presented a challenge. The federal CCME has withdrawn its water guideline for PCBs because biological exposure is predominantly via sediment, soil and/or tissue [4] . Given the ubiquity of PCBs in urban environments and the difficulty in differentiating between typical urban background concentrations and local anomalies, the challenge has been to define a value above which a significant nearby source is indicated. Based on the 100% frequency of detections exceeding provincial water quality objectives (PWQO) for PCB (>1 ng/L) [6] and from Toronto area large-volume water sampling programs, we initially set an arbitrary concentration of 10 ng/L PCB (10× the PWQO) as a starting point to distinguish concentrations in streams that warranted follow-up. We hypothesized that concentrations of <10 ng/L reflected ambient levels in urban waters. The testing of two urban creeks Spring Garden Creek and Walker's Creek in St. Catharines, ON, with no known PCB contamination as urban reference sites helped support this hypothesis ( Table 2) . Concentrations at most of the areas in our studies that did not show evidence of a PCB source were less than 10 ng/L (Table 3) ; however, it should be noted that concentrations exceeding 20 ng/L may occur, even in urban background (no ongoing sources) areas during highly turbid conditions following a significant rain event, often as a result of increased suspended solids loads ( Table 2) . Nevertheless, our experience has shown these conditions to be the exception rather than the norm ( Table 3) . Investigators need to exercise professional judgement and consider site-specific factors (e.g. industrialized areas) in establishing appropriate trigger levels for action.
3) Passive samplers With passive samplers such as SPMDs, no appropriate trigger concentrations were applied in the context used for trackdown, as performance reference compounds were not used to determine equivalent water concentrations. However, concentrations can be compared relative to background conditions in each watershed as an indication of potential for PCB uptake.
4) Biota
The IJC tissue PCB guideline of 100 ng/g ww for the protection of consumers of fish [17] is a useful benchmark for biotic samples, above which further investigations are warranted. In the urban context, however, where the IJC guideline is often exceeded in YOY forage fish and consequently, a concentration of 200 ng/g ww (i.e. twice the IJC guideline) provides a more practical trigger for indicating the potential presence of an ongoing source. The use of this adjusted benchmark for follow-up is illustrated in Etobicoke Creek, where concentrations exceeding 200 ng/g ww were considered a more appropriate indicator of proximity to a nearby source of exposure (Figure 9) . Findings from our watersheds have shown this benchmark to be appropriate for our purposes (Table 3) . However, this trigger value may need to be adjusted upward in highly urbanized, industrial, or more contaminated areas where a more ubiquitous exposure may be difficult to distinguish from exposure from a nearby source (e.g. Hamilton Harbour: [47] ). Overall, the analysis of endemic YOY forage fish provides the most pragmatic approach to determining PCB bioavailability at an appropriate local scale to identify and asses the significance of the contamination.
Does Contamination Matter If It's Not a Biological "Problem"? Prioritizing Action in the Trackdown Context
The weight-of-evidence approach of using concurrent sampling media to identify the most contaminated areas within a watershed has proven useful in expediting source trackdown. However, given the overall goal of reducing harm to aquatic biota and ultimately their consumers, we consider indicators of bioavailability (evidence from passive samplers or biota themselves) to be the strongest lines of evidence for source trackdown leading to follow-up abatement actions. This fulfills a primary commitment of our agencies toward the Great Lakes Water Quality Agreement [48] and the Canada-Ontario agreement (COA) [49] to reduce the number of fish consumption advisories due to PCBs in the Great Lakes. Although elevated concentrations of PCBs in water and sediment are generally associated with increased bioavailability, there have been rare instances where biotic samples indicated bioavailability that was not well correlated with total concentrations in the other media. This scenario generally indicates an exposure pathway that requires further exploration. Conversely, locally elevated concentrations in sediment and water have not always been associated with locally increased bioavailability. These situations demonstrate the lack of any exposure pathway and may be discounted from further follow-up actions [50] .
Other factors, such as whether the source is locally controllable (i.e. not likely to reoccur after removal), play an important role in determining the viability of abatement and remediation. Jurisdictional regulatory factors come into play to determine which areas should be remediated: for example, if a significant source of contamination is within a "sensitive area" (i.e. located within 30 m of a surface water body: Ontario Regulation 153/04 [51] , such as contaminated soils within close proximity to a waterway sustaining aquatic life, priority for removal may be recommended.
Conclusions
The lessons learned from the pilot scale PCB Trackdown Program have been incorporated into an approach that has successfully led to cleanup and abatement activities in several watersheds on the Canadian side of the Great Lakes (Table 4) and that continues to be applied. Through this program, the provincial and federal partners have been able to respond to international commitments to improving Great Lakes water quality, one watershed at a time. This paper summarizes the approach used in our trackdown studies and highlights the value of a congener specific analysis and a multimedia weight of evidence approach for identifying sources of PCBs to the environment. It also highlights the importance of including bioavailability as proven by uptake in organisms or their surrogates (passive samplers) as an important component to help prioritize the abatement or mitigation of contamination that has a direct effect on biota. With biota, our experience has shown that YOY forage fish are most suited for source trackdown because they have a workable threshold that compares to international guidelines (i.e. IJC), they are less vulnerable to substrate differences, enough tissue con be collected for appropriate analyses, and they integrate recent contamination over their lifetime.
Although site-specific circumstances make it difficult to provide certainty, the data generated through the pilot-scale work and subsequent application of the approach have flagged concentrations in water, sediment and biota that generally exceed concentrations associated with the "noise" of nonspecific PCB contamination typically found in urban environments. These can be considered as threshold concentrations that justify further exploration for local, discreet sources of PCBs due to an increased probability that they exist in an environment where it will always be possible to detect their presence.
The target watersheds for the findings reported herein ranged from partially rural/suburban sites to more industrialized areas. The program established thresholds in sediment, water and biota that could be used to distinguish local anomalies from background non-source areas in several Ontario watersheds. However, in highly industrialized areas, it is recognized that a second tier of thresholds may be warranted to separate local anomalies from generalized background contamination. Several aspects of this program have been adapted to such an environment in Hamilton, Ontario, where studies are currently being undertaken.
Our approach is initially intensive, but has proven to be efficient in finding locally controllable sources. Subsequently, the program becomes abatement intensive and requires the inclusion of compliance partners (regional offices) to engage responsible parties towards proper risk assessment and management strategies [14] , and eventual source removal. Because historical contamination is often the ongoing locally controllable source, multiple partnerships between industry, local government and conservation authorities may be required to work together towards cleanup.
It is anticipated that many of the techniques used in the trackdown program may be applied to other legacy and emerging contaminants in and around the Great Lakes. In particular, our methods for project design (gathering background information, determining and reducing the area of interest in a step-wise fashion), setting triggers for further action in the various media, and the use of multiple lines of evidence converging to identify most probable source areas, may be useful for other practitioners in the field.
